CONCLUSION: This study showed significant differences among garlic germplasm in their response to Delia antiqua M. Some accessions were highly resistant and tolerant. Utilization of these accessions will help minimize environmental pollution, preserve agro-ecosystems and biodiversity, and make management processes more economical. Furthermore, these accessions could be used in breeding programs to develop new maggot-resistant onion cultivars.
INTRODUCTION
Garlic (Allium sativum L.) has been cultivated for more than 5000 years and is presumed to have originated in central Asia, 1 subsequently spreading west, south and east. 2 Garlic is an important commercial crop that is widely grown around the world, especially in Asia and North Africa; China is the largest global producer, providing 80% of total world production, and the leading exporter. [3] [4] [5] [6] [7] Following China, other significant garlic producers include India (5% of world production) and Bangladesh (1%). As of 2016, China produced 21 million tons. 8 Garlic has been vegetatively propagated for millennia by planting cloves. Vegetative propagation results in additional diseases and pest problems throughout garlic developmental stages, causing considerable losses in yield. In addition to yield reductions, diseases and insect pests are also harmful to bulbs during harvesting, post-harvest processing and marketing, lowering the quality of garlic and resulting in significant economic losses. 9, 10 Onion maggot, Delia antiqua. M, is one of the most serious subterranean pests of scallion (Allium fistulosum L), garlic (Allium sativum L) and onion (Allium cepa L) in many regions of the world. [11] [12] [13] [14] [15] The initial occurrence of onion maggot was reported in the USA in some regions of Wisconsin in the early twentieth century, and continues to cause serious damage in Asia, particularly China and Japan, Europe and North America. 16 Although, the onion is the optimal host for this species, garlic can also serve as an important secondary host. 13 In China, the root maggot, commonly known as the onion fly, is a hazardous soil pest that feeds on garlic. 17 The larvae tend to aggregate in fields and directly damage plants. They mainly eat garlic roots, root necks, bulbs and seedlings, potentially leading to the death of the whole plant. Occasionally, the larvae can drill into the bulb and cause the bulb to rot. These insect pests have reportedly spread to much of the garlic-producing areas of Qinghai, Xinjiang, Inner Mongolia, Shaanxi, Shanxi, Gansu, Ningxia, Liaoning, Hebei, Beijing, Henan, Jiangsu, and Shandong in China. 16, 17 Furthermore, with climate change, highly suitable habitats for D. antiqua occur throughout most of East Asia, some regions of North America, Western Europe, and Western Asian countries near the Caspian Sea and the Black Sea. 15 Strategic planning by agricultural organizations is required to identify regions that will need to develop integrated pest management (IPM) programs to manage the onion maggot.
The organic approach of crop rotation and breeding of varieties is the usual recommendations. Because of the household responsibility system for arable land in China, it is difficult to achieve timely rotation in practice. Because the larvae of the garlic maggot primarily damage the underground portions of plants, they are difficult to prevent or control. One of the most prevalent management practices against garlic maggot is the application of insecticides, such as organophosphates, carbamates and neonicotinoids. However, consistent use of chemicals to control pests not only poses a serious threat to the environment and people, but also slowly builds up pesticide resistance in pests. Most new-generation pesticides are systemic in their mode of action, which may lead to a certain level of toxicity in the plant system and thus result in health hazards. 10 Therefore, it is very important to explore and rationally exploit the pest-resistance genes of plants. Selection of resistant varieties could be very promising and a few resistant garlic varieties against onion maggot have been selected out in the previous studies. 17 To more efficiently use the germplasm collection, it is necessary to evaluate and characterize the preserved traits. [18] [19] [20] Abundant garlic germplasm resources broaden the genetic variability and provide considerable opportunities for genetic research and breeding. 21 The use of resistant cultivars is an important management tool to deal with disease and pest. [22] [23] [24] [25] [26] Garlic is a typical vegetatively propagated crop, and clonal selection is the major breeding method. The large-scale diversity of different ecotypes has been established over time in various areas of cultivation. According to incomplete statistics, > 2000 varieties are maintained in different countries. There are > 600 accessions of garlic germplasm in the national germplasm repository for vegetatively propagated vegetables in China. These abundant garlic germplasm resources broaden the genetic variability and provide considerable opportunities for genetic research and breeding. 27 Pest-resistant varieties could be selected from these extensive germplasm resources.
Different ecotypes of garlic display great morphological diversity and some traits are positively or negatively correlated with each other. In previous study, the only exception was for the garlic-scape and bulb, the variety that grows higher had higher yield of garlic-scape, and the variety that had wider diameter of pseudostem had higher yield of bulb. 28 So, finding the relationship among traits and using fewer traits will make it easier to select target accessions with our character of interest for use in breeding programs.
Phytochemicals play an important role in plant resistance to insects. [29] [30] [31] Some studies suggest that capsaicin, 32 gingerol and garlic powder, 31 and other substances with pungent odors, have obvious inhibitory effects on onion maggot. Garlic is generally very resistant to pests and is often grown specifically to protect neighboring plants. A number of studies have shown that sulfur-containing organic compounds, such as thiosulfinates, play an important role in this function. [33] [34] [35] Allicin is the most important functional component in garlic and has insecticidal and antibacterial effects. A previous study showed a positive correlation between the thiosulfinate content of garlic and resistance to Bradysia odoriphaga in a small garlic germplasm collection. 36 In our previous studies, with a preliminary analysis based on 52 accessions of garlic, a high allicin content has great potential as a resistant material for breeding. However, the extent of the variation in the resistance of garlic cultivars to Delia antiqua M. and their allicin content, their relationship, and the potential to develop resistant varieties by clonal selection in a large germplasm collection from a whole country have scarcely been studied.
In this study, during the harvest period, variations in the pest resistance and allicin content of 213 accessions of garlic germplasm, covering the main garlic-producing areas were evaluated in controlled field plots or in the laboratory. Correlations between resistance to the root maggot and allicin content in bulbs, and some morphological traits were investigated. The effect of clonal selection for resistance was investigated between seven pairs of accessions of clones. This study provides important germplasm resources and information for breeding resistant varieties of garlic.
MATERIALS AND METHODS

Garlic germplasm
A total of 213 accessions of garlic clones were used in this study. The samples, which were mainly collected from garlic-producing areas in China, were provided by the national germplasm repository for vegetatively propagated vegetables (Table S1 ).
Progenies of single-plant selection
accessions 8N017S, 8N036S, 8N141S, 8N167S, 8N254S, 8N257S and 8N261S were the progenies of the original accessions, i.e. 8N017, 8N036, 8N141, 8N167, 8N254, 8N257 and 8N261, obtained by single-bulb selection and were propagated for 10 years beginning in 2006. The plants of the selected bulbs were healthy and resistant to Delia antiqua M.
Field experiments
Field experiments were conducted during 2014-2016 using a complete randomized block design with three replicates at same experiment field for several years. Each accession was planted by hand in a 4.5 m 2 plot in four rows with 20 cm spacing between lines and 10 cm spacing within lines at the Vegetable Research Center of the International Agricultural High and New Technology Industrial Park, Chinese Academy of Agricultural Sciences. The experiment investigating morphological traits and allicin content was carried out in a normal field using normal field management. The experiment investigating pest index was carried out in the disease nursery and the plants were sufficiently watered, and no insecticides were applied.
Morphological trait data collection
Morphological trait data were collected according to previously described methods. 4 Briefly, at various growth stages, the characteristics were measured according to the descriptors for garlic developed by the International Plant Genetic Resources Institute 36 and descriptors and data standards for garlic by the Institute of Vegetables and Flowers, CAAS. 37 In total, 21 quantitative and eight qualitative traits were investigated, and ten plants from each replicate were measured for quantitative traits from 2014 to 2016.
Allicin determination
Allicin determination was performed according to the method described in a previous study. 39 Briefly, five bulbs and one clove from each bulb of each of the 213 accessions were randomly selected in three replicates, 40 days after harvest in 2016. The cloves were peeled to remove the dry protective leaves and stored at −20 ∘ C for 3-4 h before chopping into small slices. The garlic slices were stored at −80 ∘ C for 3-7 h, freeze-dried, and finally ground to powder. Allicin content analysis was performed at the Supervision and Testing Center for Vegetable Quality, Ministry of Agriculture of China. The accuracy and stability of the methods were confirmed in a previous study and no replicates are necessary for allicin content detection. 39 To confirm the accuracy, 40 randomly selected accessions of 213 accessions of garlic were detected in three replicates (Table S2 ).
Garlic resistance investigation
The pest resistance of each accession was investigated according to the method described in a previous study. 17 Eight individual plants of each replicate were randomly evaluated during the garlic harvest period in 2016. The grade for an individual plant is estimated by the numbers of larvae and the area of damage that the larvae fed upon. The grade for an individual plant was described as follows (Table 1) : 0, no larvae, bulbs complete; 1, larvae present, damaged area of bulb was less than 1/4; 3, larvae present, damaged area of bulb was between 1/4 and 1/2, or there wileyonlinelibrary.com/journal/ps were > 30 larvae on the bulb; 5, damage was serious, damaged area of bulb was between 1/2 and 3/4, there were > 50 larvae on the bulb, and slight symptoms of rot were present; 7, damage was very serious, damaged area of bulb was greater than 3/4, although a few healthy cloves could be found, there were > 70 larvae on the bulb, and symptoms of rot were serious; 9, damage was very serious, all bulbs were damaged, there were no healthy cloves, and there were a large number of larvae. The investigator referred to pictures to code the grade for individual plants (Fig. 1) . The pest index was calculated as: PI (%) = Σ (S i n i)/9 N × 100, where S i is the grade, n i is the number of plants within a certain grade and N is the total number of plants investigated.
Data analysis
Data were analyzed using the software IBM SPSS statistics 25 (2017; SPSS Inc., Chicago, IL, USA). First, we tested the normality of the data for the pest index and allicin content using the Shapiro-Wilk test prior to statistical analysis. Data were transformed to normality using Blom's formula. Correlation analysis was performed between the pest index and allicin content with Pearson correlation coefficients. Nonparametric correlations among the pest index, allicin content and morphological traits were evaluated by Spearman correlation coefficients. To understand the distribution of the pest index among accessions, cluster analysis was performed based on the unweighted pair-group method with arithmetic means (UPGMA), and the cluster tree diagram was constructed using the software Minitab 16 (2010; Minitab Inc., State College, PA, USA). To understand the effect of clonal selection activity on resistance, the resistances, allicin content and quantity traits of the progenies and their parent germplasms were compared.
RESULTS
Garlic resistance investigation and allicin content determination
The pest resistance of each accession was investigated. The performance of different resistance grate was obvious (Fig. 1) . There was wide variation in the resistance of the garlic germplasm to onion maggot (Delia antiqua M.), with pest index values ranging from 5.56% to 91.11% (Table S1 ). The frequency distribution chart of the pest index illustrated that the most pest index values were ranged from 20% to 80% and > 30% of accessions were ranged into scale from 26% to 28% (Fig. 2a) .
The accuracy of the allicin detect methods was confirm by 40 accessions of garlic. Standard divisions between replicates were very small from 0.00 to 0.05 and one replicate for each accession should be acceptable (Table S2 ). Similar to the pest index, allicin content showed large variation among the germplasm from 0.45% to 3.01% (Table S1) wileyonlinelibrary.com/journal/ps 0.80% to 2.50% with only a few accessions > 3.00% or < 0.50% (Fig. 2b) . Normality using the Shapiro-Wilk test indicated that data from both the pest index and allicin content did not meet the requirements of a standard normal distribution. The data were transformed to normality using Blom's formula ( Fig. 2a and b) . prior to statistical analysis.
Cluster analysis
According to the tree diagram and pest index, the 213 accessions of garlic were divided into six groups ( Fig. 3 and Table 1 M., included 44 accessions, corresponding to 20.66% of the total accessions, with a pest index ranging from 40 to 49. The fifth group, which was susceptible (S) to Delia antiqua M., included 52 accessions, corresponding to 24.41% of the total accessions, with a pest index ranging from 50 to 69. The sixth group, which was highly susceptible (HS) to Delia antiqua M., included 20 accessions, corresponding to 9.39% of the total accessions, with a pest index ranging from 70 to 100.
The effect of selection on resistance
Following single-plant selection from natural populations, most progeny clones from the tested germplasms had significantly higher resistance than their parents (Fig. 4 and Table 2 ). The pest index of the progeny clone (8N017S) obtained by single-plant selection from parent 8N017 was 34.26%, whereas that of its parent (8N017) was 44.44%. The pest index of the progeny clone (8N036S) obtained by single-plant selection from parent 8N036 was 14.81%, whereas that of its parent (8N036) was 22.22%. In addition, significant differences in the pest index were observed between the progeny clone 8N141S (27.78%) obtained by single-plant selection and its parent 8N141 (44.44%). Similarly, the pest indexes of the progeny clone 8N167S (19.19%) obtained by single-plant selection and its parent 8N167 (37.04%) differed. Likewise, the pest index of the clone 8N167 (34.26%) obtained by single-plant selection was found to be lower than that of its parent 8N167 (37.04%), and the pest index of the clone 8N257S (34.26%) obtained by single-plant selection was found to be lower than that of its parent 8N257 (43.52%). Finally, the pest index of the progeny clone 8N261S (32.41%) derived by selection from its parent was lower than that of its parent 8N261 (36.11%). Cluster analysis also showed that parents and progeny could be grouped into different clusters (e.g. clone progeny 8N017S in Group MR and parent 8N017 in Group HS). Similarly, the clone progeny 8N036S appeared in Group HR, whereas its parent (8N036) was clustered into Group MR. Furthermore, the accession 8N141S appeared in Group R, whereas its parent (8N141) in Group S was susceptible to Delia antiqua M. The accession 8N167S appeared in Group R, whereas its parent (8N167) in Group MR was moderately resistant to Delia antiqua M. Although genotype 8N254S and its parent 8N254 both appeared in Group MR, the progeny 8N254S exhibited greater resistance than its parent, and similar results were obtained for 8N261S and its parent 8N261. The clone progeny 8N257S was clustered into Group MR and its parent 8N257 in Group S. The allicin content and 21 quantity traits were compared between unselected and selected versions of seven pairs of garlic clones., The results indicated that clonal selection was also very effective (Fig. 5) . The allicin content and 20 morphological traits, except leaf number, of the selected versions were positively increased with a relative ratio from 0 to 200 plus compared with unselected versions. The above results demonstrated that clonal selection activity could be an effective way to improve pest resistance, allicin content and most of morphological traits in garlic.
Correlation coefficients among major plant morphological characteristics and resistance
Correlations between the pest index and allicin content were evaluated using both Pearson and Spearman correlation coefficients. A significant negative correlation was found between the pest index and allicin content according to the Pearson correlation coefficient (r = −0.787, wileyonlinelibrary.com/journal/ps In addition, in the correlation matrix (Table 3) , some traits showed high correlations with each other, indicating that some traits could be selected for a variety of improvement programs to reduce time and labor. Plant width was positively correlated with leaf length with a correlation coefficient of 0.734, and leaf length was positively correlated with leaf width with a correlation coefficient of 0.745. Bulb diameter was positively correlated with bulb weight with a correlation coefficient of 0.667. Basal diameter of scape was positively correlated with mid-diameter of scape with a correlation coefficient of 0.922. Basal diameter of scape was positively correlated with scape weight with a correlation coefficient of 0.817.
DISCUSSION
This investigation revealed differences in resistance levels among a large-scale garlic germplasm and identified resistant resources. Cluster analysis based on morphological traits of genetic resources facilitate breeding based on an understanding of the germplasm and the selection of potential material among a large-scale accession with high efficiency, as shown in studies of the genetic resources of many crops, [40] [41] [42] including horticultural crops such as pepper, 43, 44 cowpea, 45 watermelon, 46 brassica, 47 radish, 15 and garlic. 7 In this study, we used cluster analysis to classify 213 accessions of garlic collections into six groups, including HR, R, MR, MS, S, and HS, according to the pest index, facilitating the identification of resistance among the germplasm. Nine accessions were highly resistant (HR) to Delia antiqua M.: 8N185 (Da Tai Suan), 8N047 (Qing Miao), 8N313 (Fu Kang Zi Suan), 8N035 (Si, Liu Ban Suan), 8N241 (Hong Pi Suan), 8N041 (Zhong Mou Da Suan), 8N069 (Zao Hong Xuan), 8N36S (Lai Wu Bai Pi) and 8N016 (Bang Zi Suan). The results were consistent with our previous study in that highly resistant 8N313 (Fu Kang Zi Suan 8N041 (Zhong Mou Da Suan), 8N069 (Zao Hong Xuan) were confirmed in this study. 17 Zhu 39 found that Zhongmu garlic was sensitive to B. odoriphaga; however, we found that 8N041 (Zhong Mou Da Suan) was highly resistant to Delia antiqua (Meigen). These differences may be due to regional variations or differences in planting conditions. 36 The utilization of these cultivars will help minimize environmental pollution, preserve agro-ecosystems and biodiversity, and make management processes more economical. Furthermore, these cultivars could be used in breeding programs to develop new cultivars that are resistant to onion maggot.
The allicin in garlic bulbs might be an effective factor against D. antiqua M. In our previous study, 17 we evaluated differences in resistance to D. antiqua M. among 34 garlic cultivars in the field and found that a cultivar with high allicin content exhibited strong resistance. Other previous studies also speculated that sulfides, the decomposition products of thiosulfinate, possess greater insecticidal activity. 36 The allicin content in garlic bulbs was confirmed positively by the resistance of garlic in the disease nursery. However, whether allicin plays a dominant role in resistance requires further study with bioactivity identification. Besides, some traits showed high correlations with each other, indicating that some traits could be selected for variety improvement programs to reduce time and labor.
The discovery and selection of mutants in natural populations is an important breeding activity for improving the allicin content in bulbs and the resistance of plants to D. antiqua M. Allicin content is affected by both geographical and genetic factors. [48] [49] [50] Although the allicin contents determined in different studies are not comparable, several authors [51] [52] [53] variation in allicin content exists. In the previous study, the allicin content of 213 accessions of garlic grown in the same environment ranged from 0.45% to 3.01%, which could be mainly ascribed to the influence of genetics. Clonal selection could obviously be used to improve allicin content in garlic bulbs. 4 In the present study, upon selection from natural populations, most progeny clones from the tested germplasms had significantly higher resistance than their parent materials, showing an obvious effect of single-plant selection. Breeding programs could improve the resistance of garlic. We speculate that natural mutations might accumulate throughout the generations of garlic, and resistant mutant genes could be screened by breeding activities.
This study provides a foundation for breeding pest-resistant varieties of garlic. However, the results were obtained in disease nursery experiments, and the mechanism of garlic resistance to Delia antiqua M. requires further study with bioactivity and molecular identification.
CONCLUSIONS
The findings of the study showed significant differences among garlic germplasm in their response to Delia antiqua M. Some accessions were found to be highly resistant. Utilization of these accessions will help to minimize environmental pollution, preserve the agro-ecosystems and biodiversity, and make management processes more economical. Furthermore, these accessions could be used in breeding programs to develop new resistant cultivars to onion maggot. Clonal selection activity could be an effective way to improve pest resistance, allicin content and most of morphological traits in garlic.
